A new kinetic and automated assay was developed to determine ceruloplasmin ferroxidase activity. Ferrous ions are turned into ferric ions via catalytic activity of the ferroxidase enzyme. Acetohydroxamic acid, a chromogen, forms a colored complex with ferric ions. This reaction was measured kinetically. Significant and strong correlations were obtained between the new acetohydroxamic method and the p-phenylenediamine oxidase (r = 0.988, p <0.001), o-dianisidine oxidase (r = 0.981, p <0.001), norfloxacine oxidase (r = 0.989, p <0.001) and nephelometric methods (r = 0.861, p <0.001). This reliable, applicable, user-friendly, and low-priced method can be performed fully automatically or with manual spectrophotometry, and can be used to measure the ferroxidase activity of ceruloplasmin.
Introduction
Ceruloplasmin (Cp) was first described in 1948. 1 It is an abundant globular protein with a molecular weight of 120 kDa. 2 It is expressed in hepatic parenchymal cells, and contains six copper atoms. 3 It contains approximately 95% of the total serum copper and is blue in color because of the copper atoms it contains. 1 Cp's primary physiological role is the association of plasma redox reactions. 4 Cp has vital importance in regulating the ionic state of iron. It enables the oxidation of Fe 2+ to Fe 3+ , which thus allows iron to bind to transferrin, without toxic iron products. 5 This indicates that Cp has ferroxidase activity, in addition to its copper-transport function in metabolism. Cp, also referred to as ferroxidase (EC 1.16.3.1), shows oxidase activity against ferrous iron, polyphenols, and polyamines (such as p-phenylenediamine and o-dianisidine). However, ferrous iron is considered to be a biological substrate of Cp; Cp's affinity for ferrous iron is greater than its affinity for other substrates. 6 As well as its role as a ferroxidase, ceruloplasmin is an acutephase protein. 4, 7 Also, Cp displays other catalytic activities. For instance, Cp is stated to have glutathione peroxidase and NOoxidase activities. 2 Cp is known as an antioxidant protein. With the production of oxidation products, the level of serum Cp increases to compensate for the increased oxidative stress in the plasma. In addition, Cp has been implicated as a pro-oxidant protein. It has been demonstrated that the ferroxidase activity of Cp may cause oxidative damage to macromolecules, especially low-density lipoproteins, in well-defined experimental studies. 8, 9 The nephelometric method and the enzymatic method, which is based on enzyme activity, are the major Cp determination methods. 10 The nephelometric method is based on the serum Cp concentration. 11 A number of methods have been reported for measuring the ferroxidase activity of Cp. 6, [12] [13] [14] [15] [16] In these methods, p-phenylenediamine, o-dianisidine, and ferrous iron ions are used as the substrate. The ferroxidase enzyme oxidizes pphenylenediamine and o-dianisidine.
In this study, the aim was to improve and use a new fully automated and specrophotometric method for determining the ferroxidase activity of serum Cp.
Experimental

Chemicals
Acetic acid, sodium acetate, acetohydroxamic acid, ammonium iron(II) sulfate hexahydrate, p-phenylenediamine, o-dianisidine, sulfuric acid, norfloxacin, and dithiothreitol were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI) and Merck Co. (Darmstadt, Germany). All chemicals were ultrapure grade, and type-I reagent-grade deionized water was used.
Plasma samples
The serum samples were taken from healthy persons who were going through a routine control at a blood bank. The study was approved by local ethics committee. Venous blood samples were collected after 12 h of fasting. The serum was obtained by centrifuging at 1800g for 10 min. If the samples were not run instantly, they were stored at -80 C.
Apparatus
A Shimadzu UV-1800 spectrophotometer that had a temperature-controlled cuvette holder (Kyoto, Japan), a Cobas c501 automated analyzer (Roche Hitachi, Mannheim, Germany), a BN II nephelometer (Siemens, Munich, Germany), and a Shimadzu AA-6800 Atomic Absorption Spectrophotometer (Kyoto, Japan) were used.
Assays
The new assay. Ammonium iron(II) sulfate hexahydrate was used as a substrate for the Fe 2+ ions. This solution contained dithiothreitol as a reductant to prevent auto-oxidation of the ferrous iron. In the acetate buffer solution, acetohydroxamic acid, a chromogen, forms a highly colored complex with ferric ions. This chromogen does not form a colored complex with ferrous ions. Due to the catalytic activity of the ferroxidase enzyme, ferrous ions were turned into ferric ions. The colored complex formed by the ferric ions and acetohydroxamic acid was monitored kinetically.
This reaction was measured photometrically at 444 nm. The amount of enzyme that turned 1 μmol of the substrate into the product was described as one unit. Assay reagents. Reagent 1: 450 mmol/L acetate buffer solution was set up in the following way: 36.91 g of CH3COONa were dissolved in 1000 mL of deionized water, so final concentration is 450 mmol/L. Reagent-grade glacial acetic acid (25.87 mL) was diluted to 1000 mL with deionized water to obtain a final concentration of 450 mmol/L. While monitoring with a pH meter, the sodium acetate solution (75 mL) was mixed with 925 mL of the acetic acid solution. The pH was the acetate buffer solution was 5.8. In this prepared buffer solution, 0.38 g of acetohydroxamic acid was dissolved (final concentration of 5 mmol/L). Reagent 2: 0.32 g of dithiothreitol was dissolved in 1000 mL of deionized water to obtain a final concentration of 2.07 mmol/L. Then, 1.6 g of ammonium iron(II) sulfate hexahydrate was added to this mixture (the final concentration of 4.08 mmol/L).
Automated measurement
Following manual spectrophotometric optimization, the method was performed on an automated analyzer (Roche cobas 501, Mannheim, Germany The enzyme activity of the newly developed method was calculated according to the following formula:
ΔA/min, Absorbance change per minute; Vt, total reaction volume (223.5 μL); Vs, sample volume (3.5 μL); ε, extinction coefficient (2583 cm -1 mol -1 L).
Ceruloplasmin determination with nephelometric method.
Proteins in human biological fluids form immune complexes with specific antibodies. These immune complexes scatter a beam of light that is passed through the sample. The concentration of the related protein is in proportion to the intensity of the scattered light. 17 p-Phenylenediamine (PPD) oxidase activity measurement. In this method, p-phenylenediamine was used as a substrate. The ferroxidase enzyme in the serum oxidized the PPD, and the ferroxidase activity was measured kinetically. 10, 12 o-Dianisidine oxidase activity measurement. O-dianisidine was used as a substrate. The ferroxidase activity was determined via the oxidation of o-dianisidine by the ferroxidase enzyme. 13, 18 Norfloxacin oxidase activity measurement. In this method, ammonium iron(II) sulfate hexahydrate was used as a substrate, and norfloxacin was used as a chromogen. Via the catalytic activity of the ferroxidase enzyme, the ferrous ions were oxidized and formed ferric ions. These ferric ions composed a colored complex when combined with norfloxacin. 16 Serum copper level measurement. Serum samples were diluted for the Cu measurement. 19 The determination of this element was performed on a flame atomic absorption spectrometer (FAAS) equipped with deuterium background correction (ICE 3000 series atomic absorption spectrometer, Thermo Fisher, United States). 20 
Statistical analyses
Because the data were distributed normally, independent sample t-tests were used for comparison purposes. Pearson's correlation coefficients and linear regression analyses were performed to observe the relationships between the assays. In all analyses, a p-value of less than 0.05 was considered to be statistically significant. SPSS software Ver. 22.0 was used for statistical calculations (SPSS Inc., Chicago, IL, USA).
Results
Optimization studies
Acetate buffer solutions that had pH values ranging from 4.5 to 5.9 were utilized. The most appropriate pH and acetate buffer concentration were adjusted 5.8 and 450 mmol/L, respectively.
The concentration of acetohydroxamic acid, the chromogen, which bound the ferric ions that were formed via the oxidation of ferroxidase enzyme, was optimized and determined to be 5 mmol/L. It was observed that a significant decrease in the discriminative ability of the method and the concentration of acetohydroxamic acid was insufficient to measure the formed product (Fe 3+ ) at below the optimum concentration of acetohydroxamic acid (5 mM).
The buffer used in the assay increases the spontaneous oxidation of ferrous ions in the reaction medium. In order to reduce this by creating convenient conditions, dithiothreitol was added to the reaction mixture. While at below the optimum concentrations of dithiothreitol (2.07 mM), spontaneous oxidation of ferrous ions could not be removed sufficiently, at the optimum concentrations above low enzyme activity was observed. This may be due to the fact that dithiothreitol, at high concentration, converts the product (Fe 3+ ) to ferrous ions by reduction.
By running different levels of ammonium iron(II) sulfate hexahydrate, the optimum amount of ferrous ions within the ammonium iron(II) sulfate hexahydrate was determined to be 4.08 mmol/L. At concentrations below optimum ammonium iron(II) sulfate hexahydrate concentration (4.08 mM), low activity is observed due to substrate depletion, whereas at the optimum concentrations above the reaction kinetics of the enzyme becomes linear in a limited range and rapidly reaches Vmax. The most suitable linearity and discrimination of the reaction kinetics of the ferroxidase enzyme was obtained when 4.08 mM ammonium iron(II) sulfate hexahydrate was used.
Spectral analyses
The spectral absorbance of the ferric ion-acetohydroxamic acid complex is given in Fig. 1 . As shown in the figure, the maximal absorbance was seen at 444 nm.
Reaction kinetics of various serum samples
The reaction kinetics, which were performed in the automated analyzer, of the serum samples with different activities are shown in Fig. 2 .
Linearity
Human serum Cp in acetate buffer was used to perform serial dilutions. In the assay, the upper limit of the linearity was 3213 U/L. The r value was 0.998 (p <0.001), the slope was 0.762 (p <0.001), and the intercept was -18.5 (p <0.001) in the regression analyses.
Detection limit
The zero calibrator was measured ten times to assign the detection limit of the method. The detection limit was considered to be the mean ferroxidase activity of the zero calibrator ±3 standard deviations (SDs). The result was 18 ± 2.8 U/L (mean ± SD).
Analytical recovery
The recovery percentage of the new method was detected by adding commercial ceruloplasmin to the pool of sera. The mean percentage recovery of human Cp was 101.4% (range 96.5 -105.8).
Precision
The precision of the new method was determined for three levels of the sera. Precision values were calculated for high, medium, and low levels of ferroxidase activity in serum pool. Within-day variability was calculated on the basis of two runs and 20 determinations, with sera duplicates. The coefficient variation percentage (CV %) was <1 for each level. The mean ± SD values for the serum ferroxidase activity at the high, medium, and low levels were 2332 ± 23, 1633 ± 8, and 812 ± 6 U/L, respectively. The between-days variability was calculated by analyzing frozen aliquots of the serum pools on 20 working days. The CV was <1% for all three levels. The mean ± SD values for the serum ferroxidase activity were found to be 2412 ± 18, 1602 ± 5, and 832 ± 4 U/L for the high, medium and low levels, respectively.
Inhibition
There was no significant interference by hemolysis, icterus, or lipemia. The ferroxidase activity of commercial Cp was inhibited by sodium azide.
The relationships between the new ferroxidase method and the other Cp-measurement methods used
As can be seen in Table 1 , Figs. 3 and 4, the most significant correlation was obtained between norfloxacin oxidase activity and the new ferroxidase activity values (r = 0.989, p <0.001). Also, there were strong correlations between the new method and PPD oxidase activity and the o-dianisidine oxidase methods (r = 0.988, p <0.001; r = 0.981, p <0.001, respectively). In addition, the relationship between the new ferroxidase assay and the nephelometric method was significant (r = 0.861, p <0.001). 
The associations between the copper concentration measured and Cp-measurement methods
Because the strong expected relationship between the amount or activity of Cp and Cp-bound copper transport, the associations between the copper levels that were measured, and the new method and other Cp-measurement methods were analyzed. As can be seen in Table 2 and Fig. 5 , although there were significant correlations between the copper concentration and each of the Cp-measurement methods that were evaluated, the strongest relationships were seen for the new method and the PPDoxidase method.
Discussion
Ceruloplasmin (Cp) was first described in 1948 by Homberg and Laurell. 21 The name "ceruloplasmin" means a blue material from blood plasma. 1 Cp is primarily synthesized in hepatocytes and secreted into the blood. 2 Cp is observed at micro-molar concentrations in plasma. Cp includes six cupredoxin domains in its structure. Cp is known as an acute-phase reactant and also performs several functions involving iron metabolism, copper transport, the oxidation of some substrates, and antioxidant activity. 2, 4 Cp is able to oxidase various substrates, and the enzyme exhibits the highest level of affinity to ferrous ions. 6 Thus, it is considered to be a ferroxidase. Cp plays an essential part in iron metabolism through its ferroxidase activity. 2 Cp is believed to stimulate the release of iron from cells, enabling transposition of the metal onto transferrin, which binds only ferric ions. The ferroxidase activity of Cp is important because the oxidation of ferrous ions spontaneously is potentially harmful; it triggers the generation of oxygen radicals through Fenton reactions. 5, 22 Various methods have been defined based on the ferroxidase activity of Cp. 6, [12] [13] [14] [15] [16] Some of these methods use ferrous ions as a substrate, 6 and others use other chemicals, such as pphenylenediamine and o-dianisidine. 12, 13, 23, 24 An important issue in ferroxidase activity measurement methods is prohibiting the autoxidation of the substrate. 6 In the reagent medium, standing ferrous ions undergo spontaneous oxidation and transform into ferric ions, possibly due to the contact between the reagent and air, along with the effect of the buffer. The related results that are obtained are false positives. To protect against this difficulty, dithiothreitol, a reducing agent, was added to the reagent.
The measurement of spectrophotometric ferroxidase activity has some advantages compared to the nephelometric method, in which Cp quantification is performed. 18 In a ferroxidase activity measurement, quantitative data can be obtained about the activity of Cp; therefore, the ability of the enzyme, rather than the amount of Cp, is measured.
However, using the nephelometric measurement, only the amount of Cp protein can be detected. 10, 18 It is evident from the chart that the Cp quantity in the samples mentioned, based on nephelometric measurement, cannot correctly show the activity of Cp. The quantitation of Cp via the nephelometric method cannot determine either samples with relatively low amounts but enough activity or samples with relatively high amounts but not enough activity. Also, like the new acetohydroxamic acid method, the PPD oxidase, o-dianisidine oxidase and norfloxacin oxidase methods had similarly low correlations with the nephelometric method. Thus, the measurement of the enzymatic activity of Cp seemed to be more sensitive than the measurement of the amount of Cp, as seen when comparing the new enzymatic method with each of the ferroxidase methods and the nephelometric method. When comparing the new acetohydroxamic acid ferroxidase activity method with the PPD oxidase, o-dianisidine oxidase, and norfloxacin oxidase methods, strong relationships were obtained. These large correlations were exactly linear. The high correlations among ferroxidase activity methods suggests the accuracy and reliability of the new method. The strong relationships obtained between the new method and the PPD oxidase and o-dianisidine oxidase methods were expected, but PPD and o-dianisidine are not natural substrates of the ferroxidase enzyme. The comparison of the acetohydroxamic acid method and the norfloxacin oxidase method is more realistic because the substrate (ferrous iron) used in both methods is the same and the substrate is a natural biological substrate of the ferroxidase enzyme. 25 When compared the copper concentrations with the Cp levels measured via different methods, significant linear relationships were observed. A strong correlation was found between copper concentration and the new acetohydroxamic acid method. Also, each ferroxidase method measured in the study showed large associations with the copper concentration. Furthermore, a relatively lower, but significant, correlation was observed between the copper concentrations and the nephelometric method used to measure the amount of Cp. The reason for the higher correlation between the copper concentration and enzymatic methods, as compared with the correlation between the copper concentration and nephelometric methods, is probably that the amount copper transported by the Cp was lower than it normally would have been.
Sodium azide is an agent that inhibits the ferroxidase enzyme. 6 The cause of this inhibition is that sodium azide binds copper in Cp and inhibits (95 -99%) both the ferroxidase and oxidase activities of Cp. Sodium azide was used as evidence that shows the presence of Cp activity in the study that was made by Hathama et al. 26 Sodium azide was also used as an inhibitor of Cp ferroxidase activity in other studies. 27, 28 Thus, the analyte that was measured was confirmed to be the ferroxidase enzyme.
In conclusion, in addition to providing information about the amount of Cp, mainly due to the ability to measure the functional activity of Cp, the newly developed kinetic ferroxidase assay may affect the approach taken to diseases, diagnoses, and clinical decisions. The methods that can only detect quantity cannot be utilized in this regard. This is an important advantage of the newly developed method. The superiority of ferroxidase activities in making clinical decisions lies in the fact that it reveals the definitive diagnosis for individuals located within the normal reference range, but possess nonfunctional Cp in terms of ferroxidase activity, as well as those with Cp that is functional in the sense of ferroxidase activity but is present at insufficient levels to achieve this functionality.
The improved kinetic and colorimetric method carried out by measuring the ferroxidase activity of Cp can be realized at a much lower cost than the alternative methods. The setting and applicability of the assay are also simple. Therefore, the new method can be achieved quickly in the laboratory in both research studies and routine practice.
